ABSTRACT-Obtaining leaf area is critical in several agronomic studies, being one of the important instruments to assess plant growth. The aim of this study was to estimate equations and select the most appropriate in determining leaf area in litchi (Litchi chinensis Sonn.). From the linear dimensions of length (L) and maximum width (W) of leaf limb, equations were estimated using linear, quadratic, potential and exponential models. The linear regression equation using the product of the length by maximum width, given by Ŷ = 0.2885 + 0.662 (L.W) is the one that best expresses the leaf area estimation of litchi tree. Index terms: Litchi chinensis Sonn., leaf dimension, non-destructive method.
Litchi (Litchi chinensis Sonn.) is a plant of the Sapindaceae family, the same of guaraná, pitomba and rambutã, typical of subtropical climate. In Brazil, its introduction occurred in the year 1810 in Rio de Janeiro and, from then, its cultivation expanded to the southeastern region (SMARSI et al., 2011) . In early 1970s, the first commercial plantations emerged in the state of São Paulo.
Leaves have very important functions in the plant, such as intercepting and absorbing light to perform photosynthesis, gas exchanges, transpiration (SPANN and HEEREMA, 2010) and to define the fungicide application technology to be used, since parameters such as coverage, density and drop deposition depend on leaf area data. Therefore, knowledge of leaf area is extremely important, especially for non-destructive measurements over time.
DOI 10.1590/0100-29452017 403 Jan-Feb, 2017 Jaboticabal -SP Direct and indirect methods can be used to measure leaf area. Direct method can be destructive or not, and indirect is non-destructive. In the direct determination of leaf area, usually all leaves are collected, which characterizes the method as destructive and of high manpower use (SCHMILDT et al., 2014) .
Indirectly, leaf area can be measured by area estimation models as a function of linear leaf dimensions, which is advantageous in relation to the direct destructive method because more than one measurement can be made in the same leaves over time, which is interesting in growth analysis studies (OLFATI et al., 2010) .
Statistical modeling based on allometric measures of length, maximum width of leaf limb and the product between both has been investigated for several fruits, with the most recent studies for apple (BOSCO et al., 2012) , passion fruit (MORGADO et al., 2013) , pineapple (FRANCISCO et al., 2014) , grape (PERMANHANI et al., 2014) and mango (SILVA et al., 2015) .
The aim of this work was to estimate regression equations for different mathematical models and to select the most suitable for leaf area of litchi as a function of leaf length and width.
Leaves were collected in October 2014 from a clonal eight-year-old orchard propagated by the lavering method at Caliman Agrícola S.A. company located in the municipality of Linhares -ES, with geographic coordinates of 19º 11 '49 " S and 40º 05 '52 "W and 30 m asl.
Leaves were collected at all stages of development from the middle third of each plant and in the four quadrants, provided they did not present deformations, damages or signs of diseases or pests. Leaves were placed in plastic bags, stored in a thermal box and transferred to the Laboratory of Plant Improvement of the University Center of Northern Espírito Santo (CEUNES), Federal University of Espírito Santo (UFES), located in the municipality of São Mateus.
Among the 500 sampled leaves, 400 were randomly selected to obtain equations and 100 leaves were used to validate them. Measurements were made with maximum widths (W, in cm), in the medial position of the limb, perpendicular to lines of the largest lengths, as well as lengths (L, in cm) on the main vein, considering the insertion point from the limb on the petiole to the apex (SCHIMILDT et al., 2014) . With L and W data, the product between L and W was also determined (L.W, in cm 2 ). All leaves were scanned in their natural color with the aid of an HP Deskjet F4280 ® scanner.
Images were processed by the public domain ImageJ® version 1.32j software (Wayne Rasband National Institute of Health, USA) to obtain the observed leaf area (OLA, in cm²). Central tendency and variability measures were also calculated.
The following models were used to model OLA (dependent variable = Y i ) as a function of L, W or L.W of the 400 leaves, as independent variables
2 + e i ) and potential (Y i = β 0 xi β1 + e i ), and their respective determination coefficients (R 2 ). Parameters β 0 and β 1 were estimated by the least squares method and the potential and exponential functions were previously linearized.
The validation of leaf area estimation models was performed based on values estimated by the model (Ŷ i ) and observed values (Y i ), in 100 leaves. In each model, a simple linear regression (Ŷ i = β 0 +β 1 X i ) of the leaf area estimated by the model (dependent variable) as a function of the observed leaf area (independent variable) was initially adjusted.
The hypotheses H 0 : β 0 = 0 versus H a : β 0 ≠ 0 and H 0 : β 1 = 1 versus H a : β 1 ≠ 1, were tested by means of the Student t test, at 5% probability. The mean error (Ē), mean absolute error (EAM), root mean square error (RQME) and Willmott's d index (WILLMOTT, 1981) were also determined for all equations by means of the following expressions:
where: Ŷ i is the estimated leaf area values Ŷ is the observd leaf area values; Y is the mean of observed values; n is the number of leaves.
The criteria used to select equations that best estimate leaf area as a function of L, W or L.W were: linear coefficient (β 0 ) not different from zero, angular coefficient (β 1 ) not different from one, EAM, RQME and Ē more close to zero, and Willmott's d index (WILLMOTT, 1981) closer to one. Statistical analyses were performed using the Microsoft Office Excel software (LEVINE et al., 2012) .
The leaves collected presented considerable variability for length (L), maximum width (W) and length times maximum width (L.W) and observed leaf area (OLA), and this variability was greater for leaves used to obtain equations with sample of 400 P. S. OLIVEIRA et al.
leaves in relation to those used for the validation of models, with sample of 100 leaves (Table 1) . High variability in allometric measurements is important to obtain the regression equations of each mathematical model, since the equation to be selected can be used for leaves of different sizes within limits of evaluated values. Levine et al. (2012) reported that when using regression models for estimates, the values of the independent variable to be estimated should not extrapolate the values used in the construction of the regression equation.
The estimated regression equations are presented in Table 2 . It was verified that in general, there was a good fit between OLA and allometric measurements, with R 2 higher than 0.98, when length times maximum width (L.W) was used as independent variable in the linear and quadratic model. OLA adjustments as a function of L and W were not appropriate, as they presented lower R 2 values, around 0.85, similar to that verified by Francisco et al. (2014) in the modeling of pineapple leaves. It should be noted that a model should not be selected solely by the high R 2 value, and it is appropriate to adopt validation measures (FASCELLA et al., 2013) .
When validating based on sample of another 100 Litchi leaves, it was observed that of the 12 equations evaluated, only four are adequate, according to criteria of linear coefficient statistically equal to zero and angular coefficient statistically equal to one (Table 3) . Among these four equations, the most appropriate is the simple linear, which presents lower mean error (E), mean absolute error (EAM) and root mean square error values (RQME) and Willmott's d index (WILLMOTT, 1981) value closer to unity. Figure 1 represents the equation selected and the validation representation.
In several other leaf area modeling studies, the equation estimated based on simple linear regression was also indicated, as in apple (BOSCO et al., 2012) , Arabica coffee (SCHMILDT et al., 2014) and pigeon pea (CARGNELUTTI FILHO et al., 2015) .
Thus, it is concluded that the equation that uses length (L) and maximum leaf width (W), given by Ŷ = 0.285 + 0.662 (L.W) is the most appropriate to estimate Litchi leaf area (Litchi chinensis Sonn.). (1) Indices 1, 2 and 3 indicate length, width, length x width, respectively.
(2) ns Linear coefficient does not differ from zero by the test t at 5% error probability. ** Angular coefficient differs from zero by the t test at 1% error probability.
(3) ns Angular coefficient does not differ from one by the t-test at 5% error probability. ** Angular coefficient differs from one by the t test a 1% error probability.^^
